ABSTRACT-To examine the role of carbonyl reductase (CR) in the development and function of testis, age-related changes in CR and the effect of exogenous calcium on CR in rat testis were studied. Testicular CR activity was the highest at 3 weeks of age when the enzyme activity was measured at 2, 3, 4, 8 and 20 weeks of age. The intensity of positive protein bands in testicular cytosol was similar among these age groups in Western blot analysis with anti-rat ovarian CR antibody. In 3-week-old rats, intravenous ad ministration of 4 mg/kg calcium markedly suppressed the activity to about 50% of the control level 1 min after the treatment. Pretreatment with nicardipine prevented the inhibitory effect of exogenous calcium on the testicular CR activity in 3-week-old rats, indicating that the supressing action of calcium on the enzyme activity was mediated by the entry of extracellular calcium via calcium channels. There were no significant changes in the CR activity following the treatment with calcium and nicardipine in the other 3 age groups ex amined. These findings suggest that testicular CR plays an important role in the functional development of the testis during the infantile period in rats.
(EC 1.1.1.21). Multiple forms of CR differing in size and charge have been isolated from various tissues (1) (2) (3) (4) (5) . Both the ovarian and testis CR of rats can catalyze the in terconversion of prostaglandin E2 (PGE2) to prostaglan din F2a (PGF2a) as well as the reduction of 13,14-dihydro 15-keto-PGF2a (15KD-PGF2a) to 13,14-dihydro-PGF2a (13,14H2-PGF2a) (2, 3) . Although the regulatory role of PGs as mediators of hormone action in ovarian function has been well documented (6) , little is known about the CR in testicular tissue at present.
Calcium ions appear to play an important role in gonadotropin-induced steroidogenesis as well as the ac tion of cyclic AMP in ovary and testis (7) (8) (9) (10) (11) . Janszen et al. (7) have shown that calcium ion potentiates the effect of LH on testosterone production in a suspension of whole interstitial cells from rat testis. Gordeladze and co-workers (8) have reported that human chorionic gonadotropin (hCG) and PGE,-induced adenylate cyclase activity is enhanced by low concentrations of cal cium ion and is inhibited by high concentrations of cal cium ion in the interstitial cells of rat testis. Tsang and Carnegie (11) have indicated that various calcium entry blockers and a calcium chelator inhibit progesterone production in rat granulosa cells in response to follicle stimulating hormone (FSH) and that the calcium iono phore A23187 increases basal progesterone production. These results suggest that a transmembrane flux of extra cellular calcium may play an important role in ovarian and testicular steroidogenesis.
In the present study, we determined the relationship be tween testicular CR and age; and furthermore, we exam ined the effect of calcium ion and a calcium entry blocker, nicardipine, on testicular CR in rats.
MATERIALS AND METHODS

Animals
Male Wistar-Imamichi strain rats (2, 3, 4, 8 and 20 weeks of age) were purchased from the Institute for Animal Reproduction (Saitama) and housed in group cages under controlled conditions of light (lights-on from 0600 to 2000 hr) and temperature (23 251C) . Food and water were always available. Two-week-old rats were bred by a foster mother until they were used for the experi ment.
Chemicals
Pyridine nucleotide (NADPH) was obtained from Oriental Yeast Co. (Osaka), and 4-benzoylpyridine (4BP) and calcium chloride (anhydrous) were obtained from Wako Pure Chemical Industries, Ltd. (Osaka). Nicardi pine hydrochloride was purchased from Yamanouchi Pharmaceutical Co. (Tokyo). Other chemicals of reagent grade were obtained from Wako Pure Chemical Indus tries.
Drug treatment
Calcium chloride (CaC12) was dissolved in distilled water at calcium ion concentrations of 1, 2, 4, or 8 mg/ml, respectively, and nicardipine hydrochloride was dissolved in 0.9% saline solution at 1 mg/ml.
To determine the response of testicular CR to calcium, calcium (1, 2, 4 or 8 mg/kg) was intravenously ad ministered via the femoral vein. To examine the effect of a calcium entry blocker, nicardipine (1 mg/kg) was ad ministered by the same route 3 min before calcium. Con trol rats were intravenously given the vehicle alone. The testes of each rat were isolated 1 min after the calcium treatment and weighed.
Enzyme preparation and enzyme assay
The isolated testes were homogenized in ice-cold 10 mM phosphate buffer (pH 6.5) containing 1 mM dithiothreitol (DTT), 0.5 mM EDTA and 0.15 M KCI. The testicular homogenate was centrifuged at 105,000 x g for 60 min at 41C, and the resulting supernatant (cytosolic fraction) was used for the assay of enzyme activity as a crude enzyme preparation. To determine the testicular CR activity, 4BP, which well reflects the testicular CR activity of the rat (3), was used as a substrate. The reduc tase activity was photometrically assayed in 1 ml of incu bation mixture consisting of 100 mM phosphate buffer (pH 6.5), testicular cytosol, 1 mM 4BP and 0.1 mM NADPH for 3 min at 37C in a Hitachi U-3200 Spec trophotometer. One unit of enzyme activity is defined as the amount of enzyme that oxidizes 1 pmol of NADPH per min at 340 nm under the assay conditions.
To examine the effect of calcium in vitro on testicular CR, 3 and 8-week-old rats were used for the experiment. Testes were homogenized in 10 mM phosphate buffer (pH 6.5) containing 1 mM DTT and 0.15 M KCI, and the cytosol fraction of testicular homogenate was prepared. The cytosolic fraction was incubated with calcium (0.001-1 mM) at 371C for 1 min, and then the enzyme activity in the cytosolic fraction was photometrically measured in 1-ml incubation mixture containing 100 mM phosphate buffer (pH 6.5), 0.1 mM NADPH and 1 mM 4BP. The control was assayed in 100 mM phosphate buffer (pH 6.5) containing 0.5 mM EGTA.
The protein concentration was determined by the method of Lowry et al. (12) .
Immunochemical methods
Changes in testicular CR was determined by Western blot analysis using anti-ovarian CR2 antiserum and a peroxidase anti-peroxidase (PAP) as described previously (2, 3, 13) . Briefly, 2 pg of each cytosolic protein was sub jected to SDS-PAGE (10010 polyacrylamide gel) according to the method of Laemmli (14), and then the proteins were electro-blotted onto a polyvinylidene difluoride membrane (Clear Blot Membrane; Atto Co., Ltd., Tokyo). To examine changes in the isoelectric point of tes ticular CR after calcium treatment, isoelectric focusing was performed using the Pharmacia Phast System (Upp sala, Sweden) and then testicular CR was detected by Western blot-PAP analysis. Testes from 3 and 8-week old rats were fixed in 100 mM phosphate-buffered 4% paraformaldehyde solution, embedded in paraffin, and serially sectioned at 4 pm. Immunohistochemical staining was performed with anti-rat ovarian CR2 antiserum as the primary antibody and with the Vectastain avidin biotin complex (ABC) peroxidase method (Vector Lab., Burlingame, CA, USA) as described in our previous report (3) . Control sections were treated with normal rab bit serum.
Statistics
All enzyme activities were expressed as mU per mg pro tein. Student's t-test was used for comparison between groups, with P values of 0.05 or less considered to indi cate a significant difference.
RESULTS
Relationship between testicular CR activity and age
The testicular CR activity was assayed at 2, 3, 4, 8 and 20 weeks of age (Fig. 1) . CR activity reached a peak value at 3 weeks of age and then steeply declined at 4 weeks. The activity at 3 weeks (12.67±0.304 mU/mg protein) was about twice that at 2 weeks and about 3 times that at 4 weeks. No significant difference in the testicular CR activity was observed between 4 and 20 weeks of age.
Quantitative changes in the concentration of CR in the testicular cytosol during the development were deter mined by Western blot analysis after SDS-PAGE (Fig. 2) . The molecular weights of the three isozymes, TI, T2 and T3, of rat testicular CR are 32,000, 33,000 and 33,000 (3), respectively; and the isoelectric points are 6.4, 6.0 and 5.9, respectively (3). Accordingly, in Figs. 2 and 4A, the faster migrating protein band corresponds to T 1, whereas the upper band contains both T2 and T3. The cytosol ob tained at 2 weeks of age yielded fainter bands than the cytosol obtained from older animals. Unlike the enzyme activity, however, the concentration of CR at 3 weeks was comparable to that of animals at 4, 8 and 20 weeks of age. In vivo effect of calcium ion on testicular CR Figure 3 shows changes in testicular CR activity at 2, 3, 4 and 8 weeks of age 1 min after calcium administration. At 2 weeks of age, 8 mg/kg calcium significantly in creased CR activity (1.5 times). At 3 weeks of age, the treatment with 1 mg/kg calcium increased the CR activity to 1.2 times, whereas both 4 and 8 mg/kg calcium decreased the activity to about 50% of the controls. At 4 and 8 weeks of age, calcium had no effect on testicular CR activity under the present experimental conditions.
To examine quantitative or qualitative changes in tes ticular CR after calcium treatment at 3 weeks of age, Western blot analysis was performed after SDS-PAGE (Fig. 4A ) and after isoelectric focusing (Fig. 4B) Effect of nicardipine on testicular CR Figure 5 shows the effect of calcium (4 mg/kg) on CR activity in nicardipine (1 mg/kg)-pretreated rats at 3, 4 and 8 weeks of age. Although treatment with nicardipine alone did not influence testicular CR activity at 3 weeks of age, nicardipine completely antagonized the inhibitory effect of calcium on CR activity. At 4 weeks of age, nicardipine also inhibited the effect of calcium. However, at 8 weeks of age, neither nicardipine nor calcium had any effect on CR activity in rat testis.
In vitro effect of calcium ion on testicular CR
The effect of calcium in vitro on testicular CR activity was investigated in 3-week-old rats in which calcium ad ministration inhibited testicular CR activity and in 8 week-old rats in which calcium administration had no effect (Fig. 6) . The CR activity in 3-week-old rats was not significantly changed by calcium, in contrast to the data on the in vivo effect of calcium. On the other hand, in 8 week-old rats, the testicular CR activity was significantly increased to 1.5 and 1.6 times the control level at 0.01 and 1 mM of calcium, respectively.
Immunohistochemical localization of testicular CR Immunohistochemical investigations using anti-rat ovarian CR2 antiserum were carried out by the ABC method (Fig. 7) . In 3-week-old rat testis, significantly posi tive immunoreactivity was found in the Leydig cells and in the Sertoli cells (Fig. 7A) . Similarly positive reactivity was observed in both the Leydig cells and the Sertoli cells of 8-week-old rat testis, whereas the reactivity in the Ser toli cells was faint (Fig. 7B, upper and lower) . Moreover, spermatogenic cells were entirely negative. No non specific reaction was observed when the first antibody was replaced by normal rabbit serum (data not shown). 
DISCUSSION
We have already demonstrated that ovarian CR in rats is regulated by estrogen and luteinizing hormone (LH) (13, 15 17) and that the enzyme is localized in the theca interna cells and the interstitial gland cells, but not in the granulosa cells (16, 17) . Furthermore, by using specific substrates for ovarian CR and by Western blot analysis us ing anti-ovarian CR antibody, both the reductase activity and immunoreactive protein of the same size as ovarian CR were detected in rat testis cytosol (2) . Subsequently, we purified the testicular CR and examined its enzymologi cal and immunochemical properties (3) . There are several similarities between ovarian CR and testicular CR in rats, with respect to molecular weight, isoelectric point, im munochemical properties, cofactor requirement and sen sitivity to sulfhydryl reagents. The cellular localization of testicular CR in rats has been demonstrated to be in the Leydig cells (3). Since we have reported that ovarian and testicular CR catalyze the reduction of PGE2 to PGF2a, 15KD-PGF2a to 13,14H2-PGF2a, and 5a-androstane-3 keto steroids to the 3a-hydroxy products (2, 3), these en zymes in rat reproductive tissues may play an important role in the theca interna cells, the interstitial gland cells and the Leydig cells in which androgen is mainly produced and secreted. Indeed, 13,14H2-PGF2a has the ability to stimulate ovarian steroidogenesis from preg nenolone in vitro (18) .
The present results clearly indicated that the testicular CR activity at 3 weeks of age was significantly higher than in older animals, although the enzyme content at 3 weeks was similar to those at 4, 8 and 20 weeks of age. This result suggests that testicular CR activity at 3 weeks of age reflects the enzyme activity; and that at 4, 8 and 20 weeks of age, testicular CR activity is negatively regulated by unknown endogenous factors, although the CR activity after dialysis of testicular cytosol at 8 weeks of age did not change compared with that before dialysis (data not shown). In immature rats (2-4 weeks of age), the major testicular androgen is 3a-androstanediol, while testoster one is low (19) (20) (21) . The prepubertal testis is characterized by very high 5a-reductase and 3a-hydroxysteroid de hydrogenase activity (21) . Recently, it has been reported that the 20j3-hydroxysteroid dehydrogenase of pig testis has 85% amino acid homology to human CR and possess es CR activity, and that RNA detected by the cDNA probe of this enzyme reaches a maximum level in 10-day old pigs (22) . It is found that the high activity of testicular CR at 3 weeks of age is closely related with these activities through stimulation of PG metabolism during the de velopment of male reproductive function.
It has been suggested that the stimulatory effects of PGE1 and hCG on adenylate cyclase activity in the Leydig cells of rats (30-40 days of age) are biphasically regulated by calcium ions (8) and that calcium ions modulate LH ac tion in swine granulosa cells (10) . Wiltbank et al. (23) sug gested that the luteolytic action of PGF2a in the large lu teal cells may be mediated by intracellular calcium by ac tivating protein kinase C, inactivating adenylate cyclase, decreasing cAMP phosphodiesterase activity and decreas ing various metabolic enzyme activities.
In agreement with these findings, the CR activity at 3 weeks of age was significantly increased by 1 mg/kg cal cium and markedly decreased by 4 and 8 mg/kg calcium, whereas the protein content and the pI value of each iso zyme did not change after calcium treatment. The bipha sic effect of calcium on testicular CR activity in rats at 3 weeks of age is suggested to involve the same mechanism as the changes in testosterone production (7) and adeny late cyclase activity (8) in the Leydig cells. Moreover, the inhibitory effect of calcium on testicular CR activity at 3 weeks of age was completely antagonized by pretreatment with nicardipine. However, calcium in vitro had no effect on the cytosolic testicular CR activity at 3 weeks of age and had an increasing effect on the enzyme activity at 8 weeks of age. At 4 weeks of age, the testicular CR activity was decreased by calcium treatment, but not significantly, and the decreased enzyme activity was restored by nicardi pine pretreatment, although the restoring effect of nicardi pine was weaker than that observed at 3 weeks of age. Those findings strongly suggest that the testicular CR of rats, particularly of immature rats before spermatogen esis, is indirectly regulated by calcium, and that calcium influx into the testicular cells triggers the changes in tes ticular CR activity. The results that calcium had no effect on the tesiticular CR activity in older animals suggest the presence of an inhibitor of CR activity in the testis, such as the antizyme which inhibits the ornithine decarboxy lase activity (24) .
The Sertoli cells in 3-week-old rat testis where the sper matogenesis was not observed were immunostained more potently than those in 8-week-old one, whereas the Ley dig cells were positively immunostained in both immature and mature rats. The finding that the testicular CR before the spermatogenesis was localized in the androgen produc ing cells and in the inhibin producing cells in rats suggests that the testicular CR is an important factor throughout the development of the male reproductive system.
